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Key PointsThe effects of age on excitatory and inhibitory motor neuron signaling in the anorectum are not well understood.Aging reduces nitrergic relaxation by decreasing NO release. Cholinergic signaling is maintained through a reduction in cholinesterase activity/expression and an increase in acetylcholine release.These changes may impair defecation and contribute to fecal impaction.

1. INTRODUCTION {#nmo13426-sec-0007}
===============

The anorectum of the mouse consists of the internal anal sphincter (IAS) and distal most portion of the rectum.[1](#nmo13426-bib-0001){ref-type="ref"} Changes in the functioning of the anorectum with increasing age could contribute to the increased incidence of chronic constipation, fecal impaction and/or fecal incontinence observed in people over 65 years old.[2](#nmo13426-bib-0002){ref-type="ref"}, [3](#nmo13426-bib-0003){ref-type="ref"} Normal defecation is dependent upon coordinated involuntary actions of cells within the IAS and rectum. As in other parts of the gastrointestinal tract (GI tract), contraction and relaxation of the anorectum is regulated by intrinsic enteric and extrinsic autonomic neurons and by the actions of other cell types, including Interstitial cells of Cajal and PDGFRα + cells.[4](#nmo13426-bib-0004){ref-type="ref"}, [5](#nmo13426-bib-0005){ref-type="ref"}, [6](#nmo13426-bib-0006){ref-type="ref"}, [7](#nmo13426-bib-0007){ref-type="ref"}, [8](#nmo13426-bib-0008){ref-type="ref"} Here, we focus on changes in the function of excitatory and inhibitory motor neurons in the mouse anorectum during aging.

Contraction of the mouse IAS and therefore anal pressure is maintained predominantly through the spontaneous contraction of the IAS circular muscle, but also through the activity of excitatory cholinergic motor neurons.[9](#nmo13426-bib-0009){ref-type="ref"}, [10](#nmo13426-bib-0010){ref-type="ref"} Previous work has shown that the young murine IAS contracts following stimulation of excitatory cholinergic neurons, the release of acetylcholine (ACh) and activation of both M2 and M3 receptors which increase intracellular Ca^2+^ and reduce cAMP, respectively, prolonging the activity of myosin light chain kinase.[11](#nmo13426-bib-0011){ref-type="ref"} For appropriate defecation, the young IAS is relaxed by a combination of inhibitory neurotransmitters, including nitric oxide, ATP (or another purine) and vasoactive intestinal peptide (VIP).[5](#nmo13426-bib-0005){ref-type="ref"}, [6](#nmo13426-bib-0006){ref-type="ref"}, [7](#nmo13426-bib-0007){ref-type="ref"} There is some evidence for the co‐localization of the inhibitory neurotransmitters in specific motor neurons in both mouse and human gastrointestinal tissue.[6](#nmo13426-bib-0006){ref-type="ref"}, [12](#nmo13426-bib-0012){ref-type="ref"}, [13](#nmo13426-bib-0013){ref-type="ref"}, [14](#nmo13426-bib-0014){ref-type="ref"} The release of these inhibitory transmitters is frequency dependent with purinergic transmitters released at the lowest firing frequency, followed by NO and then VIP as the neuronal firing frequencies increase.[5](#nmo13426-bib-0005){ref-type="ref"}, [6](#nmo13426-bib-0006){ref-type="ref"}, [7](#nmo13426-bib-0007){ref-type="ref"} In the mouse, release of these neurotransmitters typically hyperpolarizes IAS circular smooth muscle cells, closing voltage gated calcium channels and reducing intracellular calcium.[5](#nmo13426-bib-0005){ref-type="ref"} However, in the rat, purinergic signaling and nitric oxide have differential effects on IAS smooth muscle to affect relaxation.[15](#nmo13426-bib-0015){ref-type="ref"}

In other regions of the GI tract, age is associated with a decrease in the numbers of enteric neurons.[16](#nmo13426-bib-0016){ref-type="ref"}, [17](#nmo13426-bib-0017){ref-type="ref"}, [18](#nmo13426-bib-0018){ref-type="ref"} However, we have previously shown that there is no significant age‐related change in the numbers of PGP9.5 immuno‐reactive nerve fibers innervating the IAS smooth muscle.[19](#nmo13426-bib-0019){ref-type="ref"} Despite no overall change in PGP9.5 immunoreactivity, there was an age‐related reduction in the percentage of motor nerve fibers innervating the IAS that are immunoreactive for nNOS and Substance P, although whether these changes compromise function is currently unclear. Interestingly, nerve fibers expressing calretinin (CR), which in mouse small intestine has been reported to be expressed by excitatory smooth muscle motor neurons, interneurons, and some intrinsic sensory neurons, were not changed with age.[19](#nmo13426-bib-0019){ref-type="ref"} An increase in the thickness of the IAS with age has been described in women,[20](#nmo13426-bib-0020){ref-type="ref"}, [21](#nmo13426-bib-0021){ref-type="ref"}, [22](#nmo13426-bib-0022){ref-type="ref"} although this is not associated with changes in basal tone except in women with fecal incontinence.[20](#nmo13426-bib-0020){ref-type="ref"}, [21](#nmo13426-bib-0021){ref-type="ref"}

Currently, no studies have examined how the aging process affects physiological signaling in the anorectum and how any observed changes might contribute to constipation, fecal impaction or incontinence. Given the lack of published work in this field this study examined the effects that increasing age has on basal tone and the function of both the excitatory and inhibitory enteric motor neurons that innervate the murine anorectum. The study used a combination of classical organ bath assays and pharmacology to measure IAS function and sensors to detect the overflow of both NO and ACh from the IAS smooth muscle.

2. MATERIALS AND METHODS {#nmo13426-sec-0008}
========================

2.1. Ethical approval {#nmo13426-sec-0009}
---------------------

All procedures were carried out according to UK Home Office regulations and the Animal Scientific Procedures Act, 1986 and were approved by the University of Brighton Ethics Committee. The manuscript was prepared according to the UK ARRIVE guidelines.

2.2. Animals {#nmo13426-sec-0010}
------------

Eight‐week old male C57BL/6J mice (Harlan, Bicester, UK) were aged in individual ventilated cages under barrier‐reared conditions. Animals were maintained at 19.0 ± 1°C, 55% humidity and fed on a maintenance diet (RM1 (E) 801002 (Special Diet Services) chow). Studies were performed on 3, 6, 12, 18, and 24 month old animals.

2.3. Intestinal preparation {#nmo13426-sec-0011}
---------------------------

Animals were euthanized with CO~2~ and exsanguinated following cervical dislocation. The rectum plus the internal and external anal sphincters were harvested and placed in oxygenated (95% O~2~ and 5% CO~2~) Krebs buffer solution, pH 7.4 (117 mmol L^−1^ NaCl, 4.7 mmol L^−1^ KCl, 2.5 mmol L^−1^ CaCl~2~, 1.2 mmol L^−1^ MgCl~2~, 1.2 mmol L^−1^ NaH~2~PO~4~, 25 mmol L^−1^ NaHCO~3~ and 11 mmol L^−1^ glucose) at 4°C. The external anal sphincter was removed from the preparation and a single \~2 mm wide ring of smooth muscle cut from the distal most end of the remaining tissue and the mucosa carefully removed using micro‐scissors.

2.4. Organ bath pharmacology {#nmo13426-sec-0012}
----------------------------

Muscle rings were opened by cutting along the mesenteric border and then suspended vertically in a 10 mL organ bath containing Krebs buffer solution at 37°C. Tissues were initially put under 0.2 g tension and allowed to equilibrate for 45 minutes with the Krebs buffer solution changed every 15 minutes. During this time, the tissue developed its own tension which typically plateaued after 30 minutes. Tissues that failed to develop their own tension were excluded from the analysis. Basal tension was the tone developed by the tissue once it had been put under 0.2 g tension and was measured to the mean lower limit of the spontaneous phasic contractions observed during the last minute of the 45 minute equilibration period (double‐ended arrow on Figure [1](#nmo13426-fig-0001){ref-type="fig"}A). The amplitude and frequency of the phasic contractions were also analyzed using the last 1 minute of recording of the initial 45 minute equilibration period. The amplitude and frequency of the contraction were analyzed using the "cyclic frequency" and "cyclic height" functions in Labchart 7. Tissues were stimulated electrically by suspending them between two platinum wires and passing current pulses (70 V, 0.3 ms pulse width; 0.1‐5 Hz) for 30 seconds every 5 minutes. To confirm that the field stimulation was targeting the nerve fibers in the muscle and was not directly stimulating the smooth muscle we ensured that no response occurred to EFS‐stimulation in the presence of 400 nmol L^−1^ tetrodotoxin (TTx). Tissue responses were also evoked by 10 or 30 μmol L^−1^ nicotine applied to the tissue for 20 seconds every 10 minutes and tissues were washed after each application. Two concentrations of nicotine were chosen as preliminary results suggested that 10 μmol L^−1^ nicotine preferentially stimulated purinergic transmission over nitrergic transmission and we wanted to confirm that this was not solely due to the strength of the nicotinic stimulation.

![Effects of age on anorectum basal tone and phasic contractions: (A) Isolated anorectum muscle strips generate spontaneous tone when placed under 0.2 g tension in Krebs buffer solution. (B) Age does not affect the wet weight of the anorectum. (C) Basal tension developed by the anorectum is not affected by age. (D) Anorectum muscle strips from 3, 12, 18 and 24 months old animals generate spontaneous phasic contractions in Krebs buffer solution. (E) Frequency of spontaneous phasic contractions is reduced with age \**P* \< 0.05, 12 months vs 24 months. (F) Amplitude of phasic contractions is reduced with age. \**P* \< 0.05, 3 months vs 24 months. Data represent mean ± SEM; n number shown by data points in figure. Sample trace in A is from a 3 month old preparation](NMO-30-na-g001){#nmo13426-fig-0001}

To isolate the contractile responses muscle strips were incubated with 10 μmol L^−1^ guanethidine (norepinephrine antagonist), 100 μmol L^−1^ L‐N^G^‐Nitroarginine; N^G^‐nitro‐L‐Arginine (L‐NNA; nitric oxide synthase inhibitor) and 1 μmol L^−1^ MRS2500 (P~2~Y~1~ purinergic receptor antagonist). Relaxations were isolated by incubating the tissue in 10 μmol L^−1^ guanethidine, 1 μmol L^−1^ scopolamine (muscarinic antagonist), 1 μmol L^−1^ RP67580 (NK~1~ tachykinin receptor antagonist) and 1 μmol L^−1^ GR159897 (NK~2~ tachykinin receptor antagonist). All antagonists were left in contact with the tissue for 20 minutes to ensure complete block of their respective receptors.

Data were recorded onto computer using ADI instruments bridge amplifier and Labchart 7 software (ADI Instruments, Oxford, UK). Responses were plotted as the integral of the response minus the integral of an equivalent time period immediately preceding the stimulus. All data were normalized to the wet weight of the tissue so data are presented as g.s mg^−1^. Data on the weight of tissue, basal tension, and the frequency and amplitude of phasic contractions were analyzed using a one way ANOVA followed by a Tukey\'s post hoc test.

2.5. Amperometric monitoring of transmitter overflow {#nmo13426-sec-0013}
----------------------------------------------------

### 2.5.1. Nitric Oxide overflow {#nmo13426-sec-0014}

Muscle strips were perfused with warm (37°C) Krebs buffer solution at a flow rate of 2 mL min^−1^. Amperometric measurements were made using a 40 μm boron‐doped diamond (BDD) microelectrode as previously described [23](#nmo13426-bib-0023){ref-type="ref"} and a stainless steel wire served as the counter electrode and a "no leak" Ag\|AgCl electrode (EE009, ESA Biosciences Inc., Sunnyvale, CA) was used as the reference electrode. Amperometric measurements were carried out using a BioStat^™^ multimode potentiostat (ESA Biosciences). The BDD microelectrode was reproducibly positioned 100 μm from the smooth muscle using a micromanipulator (Model 25033, Fine Scientific Tools, North Vancouver, BC). The electrode was held at a detection potential of +1.0 V vs Ag\|AgCl, which was sufficient to oxidize NO at a mass‐transfer limited rate. To evoke NO release from the myenteric plexus, a local superfusion pipette was placed within 100 μm of the tissue, and the tissue superfused with 10 μmol L^−1^ nicotine for 20 seconds (Sigma‐Aldrich, UK) to depolarize enteric neurons in the presence or absence of the inhibitors L‐NNA (100 μmol L^−1^) and hexamethonium (10 μmol L^−1^). Triplicate responses were taken from a range of locations across the smooth muscle and averaged to produce a single oxidation current for each tissue. These values were converted to equivalent concentrations of NO using a calibration curve constructed using pure NO gas.[24](#nmo13426-bib-0024){ref-type="ref"} Data were statistically analyzed using a one‐way ANOVA, followed by a Tukey\'s multiple comparison test.

### 2.5.2. Acetylcholine (ACh) release {#nmo13426-sec-0015}

Muscle strips were pinned out in a Sylgard‐lined flow cell bath perfused continuously at 2 mL min^−1^ with warmed (37°C) Krebs buffer solution containing 100 μmol L^−1^ L‐NNA and 10 μmol L^−1^ guanethidine. To detect ACh, amperometric biosensors for detection of ACh and choline (CHO) were utilized as the working electrodes (Sarrisa Biomedical Ltd, Warwick, UK). The ACh and CHO biosensors were held at +500 mV vs Ag\|AgCl reference electrode. A stainless‐steel rod served as the counter electrode. A Biostat potentiostat was used to apply the voltage and monitor the current from the working electrode. The biosensors were sequentially placed on the surface of the muscle for each pharmacological treatment. To stimulate release of ACh, 10 μmol L^−1^ veratridine (voltage‐gated Na^+^ channel opener) was perfused for 20 seconds within 1 mm of the muscle strip using a glass capillary at a flow rate of 0.5 mL min^−1^. Control measurements were made 3‐4 times followed by similar recordings in the presence of 1 μmol L^−1^ physostigmine (cholinesterase inhibitor). To calculate the amount of ACh produced, the difference in the current signal obtained by the ACh and CHO biosensors was obtained. The recordings in the presence and absence of physostigmine were each averaged to give a single value for each tissue. Data were then compared using a two‐way ANOVA with age x physotigmine as the two variables, followed by a Tukey multiple comparison post hoc test.

2.6. Electrophysiological recordings of anorectum smooth muscle cells {#nmo13426-sec-0016}
---------------------------------------------------------------------

Muscle strips were isolated as described earlier and pinned in a 2 mL horizontal organ bath between two platinum stimulation electrodes and perfused at 1 mL min^−1^ with Krebs buffer solution. Tissues were stimulated using either single pulses or 10 seconds trains of pulses at 2.5 Hz (70 V, 0.3 ms pulse duration) using a DAM 80 extracellular amplifier. Intracellular recordings were made using glass microelectrodes pulled from borosilicate glass (1.5 mm O.D., Clark Electromedical, UK). Electrodes were filled with 3 M KCl and had typical tip resistances of between 70 and 90 MΩ. Cells were recorded only if they had a resting membrane potential (RMP) more negative than −40 mV and data was sampled at 2 KHz and recorded to computer using an Axoclamp 2 A amplifier and Digidata 1440 A/D converter using Spike vs 5.0 (Cambridge Bioscience U.K.). Data was exported to pClamp 10 (Molecular Devices USA) for further analysis. To analyze the transmitters responsible for the evoked hyperpolarizations muscle strips were perfused sequentially with 1 μmol L^−1^ MRS2500 and 100 μmol L^−1^ L‐NNA allowing 20 minutes equilibration to ensure complete block of each signaling pathway.

2.7. Effects of exogenous ACh, sodium nitroprusside (SNP) and KCl on anorectum smooth muscle {#nmo13426-sec-0017}
--------------------------------------------------------------------------------------------

ACh was added in increasing concentrations (5 × 10^‐7^‐10^−4^ mol L^−1^), for 1 minute every 10 minutes. The effect of the NO‐donor SNP was examined in muscle strips pre‐contracted with 3 μmol L^−1^ carbachol and dosed cumulatively with concentrations of SNP (10^−7^ M‐10^−4^ M) for 60 seconds each. 30 mmol L^−1^ KCl was added for 1 minute to the tissue to examine whether increasing age affected the ability of the muscle to contract. All experiments were carried out in the presence of 400 nmol L^−1^ TTx to prevent any off‐target effects on the enteric nerves and each agonist was added to a separate set of muscle strips.

Responses were plotted as the integral of the response minus the integral of an equivalent time period immediately preceding the stimulus. All data were normalized to the wet weight of the tissue so data were presented as g.s mg^−1^ tissue. Data were analyzed using a two‐way ANOVA, with age × drug treatment as the two variables. A post hoc Tukey multiple comparison test was used to compare statistical differences between the groups.

*P* \< 0.05 was taken as being significant. Data were typically expressed as mean ± SEM except for the electrochemical data which were expressed as mean ± SD.

3. RESULTS {#nmo13426-sec-0018}
==========

3.1. Age‐related changes in the endogenous properties of the anorectum {#nmo13426-sec-0019}
----------------------------------------------------------------------

Part of the ability of the anorectum to regulate appropriate defecation is its ability to spontaneously generate a tonic basal tension. Following suspension of the tissue in an organ bath at 37°C under 0.2 g tension, all muscle strips increased the force they generated over the next 45 minute control period (Figure [1](#nmo13426-fig-0001){ref-type="fig"}A). Muscle wet weight did not change statistically with increasing age (Figure [1](#nmo13426-fig-0001){ref-type="fig"}B). Normalized basal tension decreased with age although this decrease did not reach significance (Figure [1](#nmo13426-fig-0001){ref-type="fig"}C).

In addition to generating a tonic basal tension, muscle preparations from all age groups generated spontaneous phasic contractions with occasional short (\<5 seconds) periods of quiescence between bouts of phasic activity (Figure [1](#nmo13426-fig-0001){ref-type="fig"}D). Analysis of the frequency of these contractions and their amplitude showed small, but significant reductions in both parameters with increasing age (Figure [1](#nmo13426-fig-0001){ref-type="fig"}E‐F).

3.2. Components of relaxation in the murine anorectum {#nmo13426-sec-0020}
-----------------------------------------------------

Inhibitory nerves innervating the anorectum relax the sphincter allowing for appropriate defecation. The nerves supplying the anorectum can be stimulated to release their neurotransmitters either by electrical field stimulation (EFS) or using nicotine (Figure [2](#nmo13426-fig-0002){ref-type="fig"}A‐B). In the presence of guanethidine, scopolamine and selective NK1/2 blockers, application of a 30 seconds train of stimuli at 5 Hz across the muscle strip drove a sustained relaxation and halted phasic contractions of the smooth muscle (Figure [2](#nmo13426-fig-0002){ref-type="fig"}A). Application of 100 μmol L^−1^ L‐NNA to block nitrergic signaling blocked the sustained component of the relaxation leaving a transient relaxation. Further addition of 1 μmol L^−1^ MRS2500 to block purinergic signaling almost completely removed the relaxation and unmasked a delayed contractile component to the evoked response. Application of nicotine for 20 seconds also evoked a sustained relaxation and halted phasic contractions in the smooth muscle (Figure [2](#nmo13426-fig-0002){ref-type="fig"}B). Application of L‐NNA again blocked the sustained component of the response leaving a transient relaxation. Further addition of MRS 2500 blocked the remaining relaxation and exposed a small component of contraction that was not blocked by a combination of scopolamine and the NK1/2 blockers.

![Electrical field stimulation and nicotine‐evoked relaxations in the anorectum: Sample traces from 12 month anorectum recorded under control conditions in the presence of 10 μmol L^−1^ guanethidine, 1 μmol L^−1^ scopolamine and 1 μmol L^−1^ RP67580 and 1 μmol L^−1^ GR159897 to study relaxation. (A) Upper panel. A 30 seconds burst of current pulses (70 V, 0.3 ms pulse duration, 5 Hz) evoked a sustained relaxation and a cessation of phasic activity in the anorectum. Following the cessation of the stimulus, a characteristic rebound contraction was observed, most likely due to increased Ca^2+^ influx through L‐type Ca^2+^ channels. Middle panel, application of L‐NNA blocked the sustained component of the relaxation. Lower panel, MRS 2500 blocked the majority of the remaining transient relaxation. (B) Upper panel, 10 μmol L^−1^ nicotine applied for 20 second evoked a sustained relaxation of the anorectum bathed in Krebs buffer solution. Middle panel, application of L‐NNA blocked the sustained component of the relaxation. Lower panel, MRS 2500 blocked the majority of the remaining transient relaxation and unmasked a contractile component that was not blocked by scopolamine, or the NK1/2 antagonists](NMO-30-na-g002){#nmo13426-fig-0002}

3.3. Effects of age on the L‐NNA‐sensitive component of the relaxation {#nmo13426-sec-0021}
----------------------------------------------------------------------

The effects of increasing age on the ability of both EFS and nicotine to evoke muscle relaxation are shown in Figure [3](#nmo13426-fig-0003){ref-type="fig"}. There was a significant increase in the integral of EFS‐evoked relaxations between 3 and 12 months which declined back to 3 month levels at 18 and 24 months (Figure [3](#nmo13426-fig-0003){ref-type="fig"}A, red lines). A significant L‐NNA‐sensitive component to the EFS‐evoked relaxation was observed in the 3, 6, 12 and 24 month groups (Figure [3](#nmo13426-fig-0003){ref-type="fig"}A; blue lines).

![Lifecourse changes in nitrergic relaxation in the anorectum. EFS‐evoked (A) and nicotine‐evoked (Bi) nitrergic relaxation increases between 3 and 12 months and then decreases at 18 and 24 months. (Bii) Nicotine evoked dose‐dependent relaxations in anorectum smooth muscle are unaffected by age. The black trend lines show how relaxation in a specific muscle strip is affected by L‐NNA. Red lines in A and B represent significant age effects between control responses. Blue lines represent significant drug (L‐NNA) effects within a given age group. \**P* \< 0.05; \*\**P* \< 0.01, \*\*\**P* \< 0.001. Values are mean ± SEM. In part A and Bi, n = 6 for 3, 12, 18, and 24 month groups and n = 4 for 6 month group. In part Bii, the numbers in brackets represents n number for part Bii](NMO-30-na-g003){#nmo13426-fig-0003}

The integral of the nicotine evoked relaxations also increased between 3 and 12 months declining back to 3 month values in both the 18 and 24 month age groups (Figure [3](#nmo13426-fig-0003){ref-type="fig"}Bi; red lines). Application of L‐NNA significantly reduced nicotine‐evoked relaxations in the 6 and 12 month age groups (Figure [3](#nmo13426-fig-0003){ref-type="fig"}Bi; blue lines).

Concentration response curves to nicotine showed no age‐related changes in the threshold concentration required to evoke a measurable relaxation, nor any significant difference of age when compared with a two‐way ANOVA (Figure [3](#nmo13426-fig-0003){ref-type="fig"}Bii).

3.4. Effects of age on nitric oxide overflow from anorectum smooth muscle {#nmo13426-sec-0022}
-------------------------------------------------------------------------

We next examined whether the age‐related changes in the L‐NNA‐sensitive component of the relaxation were due to changes in nitric oxide release or the sensitivity of the smooth muscle cells to SNP. Given that nicotine significantly increased relaxations between 3 and 12 months we chose to examine NO overflow in 3, 12, 18, and 24 month preparations. Nicotine‐evoked NO overflow showed a gradual decline with increasing age, with a significant decrease being observed in the 18 and 24 month age groups vs both the 3 and 12 month groups (Figure [4](#nmo13426-fig-0004){ref-type="fig"}Ai/ii). Nicotine‐evoked release was completely inhibited in all age groups following the application of either 10 μmol L^−1^ hexamethonium or 100 μmol L^−1^ L‐NNA (Figure [4](#nmo13426-fig-0004){ref-type="fig"}Aiii).

![Age‐related changes in nitrergic signalling in the anorectum. (Ai) Typical NO oxidation current traces evoked by nicotine (perfused for the duration of the gray bar) in 3, 12, 18, and 24 month anorectum. (Aii) NO overflow is reduced with increasing age. (Aiii) Nicotine‐evoked NO overflow is blocked by hexamethonium and L‐NNA. (Bi) Typical trace from a 3 month anorectum showing SNP‐evoked relaxations in a carbachol precontracted muscle strip. (Bii) SNP‐evoked relaxations are not affected by age. (C) KCl‐evoked contractions are not affected by age. \*\*\**P* \< 0.001 vs 3 month, ^††^ *P* \< 0.01 vs 12 month. Data in A represent mean ± SD; data in B and C represent mean ± SEM. N = 4 for each group](NMO-30-na-g004){#nmo13426-fig-0004}

3.5. Effects of age on the response of the anorectum muscle to SNP and KCl {#nmo13426-sec-0023}
--------------------------------------------------------------------------

To examine the sensitivity of the anorectum to NO, we applied increasing concentrations of the NO‐donor SNP to the tissue that had been precontracted with carbachol (Figure [4](#nmo13426-fig-0004){ref-type="fig"}Bi). Dose‐response curves to increasing concentrations of SNP showed no significant effect of age (Figure [4](#nmo13426-fig-0004){ref-type="fig"}Bii). KCl‐evoked contractions were also not affected by increasing age (Figure [4](#nmo13426-fig-0004){ref-type="fig"}C).

3.6. Effects of age on the MRS 2500‐sensitive component of the relaxation {#nmo13426-sec-0024}
-------------------------------------------------------------------------

In L‐NNA treated preparations there was no significant difference in size of the EFS or nicotine‐evoked relaxations with increasing age (Figure [5](#nmo13426-fig-0005){ref-type="fig"}A). Although the P~2~Y~1~ receptor antagonist MRS‐2500 reduced the amplitude of the EFS‐evoked relaxation in muscle strips from all age groups this only reached significance in the 24 month group (Figure [5](#nmo13426-fig-0005){ref-type="fig"}Ai). Significant nicotine‐evoked MRS 2500‐sensitive responses were observed in both the 12 and 18 month groups (Figure [5](#nmo13426-fig-0005){ref-type="fig"}Aii).

![Age‐related changes in purinergic relaxation in the anorectum. Effects of age on EFS‐ (Ai) and nicotine‐ (Aii) evoked purinergic relaxations. The black trend lines show how relaxation in a specific muscle strip is affected by MRS2500. Blue lines represent significant drug (MRS2500) effects within a given age group. \**P *\< 0.05; \*\*\**P* \< 0.001 vs respective controls. In parts Ai/Aii, n = 6 for 3, 12, 18, and 24 month groups and n = 4 for 6 month group. Data represent mean ± SEM](NMO-30-na-g005){#nmo13426-fig-0005}

3.7. Effects of age on spontaneous and evoked inhibitory junctional potentials (IJPs) {#nmo13426-sec-0025}
-------------------------------------------------------------------------------------

The effects of age on the properties of both spontaneous and evoked IJPs recorded from anorectum smooth muscle cells were examined in the presence of scopolamine, guanethidine and nifedipine. We focused on the 12 and 24 month age groups as 12 months represented the peak of the EFS/nicotine‐evoked relaxations in the IAS and 24 months, the time point where we had previously demonstrated clear signs of fecal impaction and a constipation phenotype.[25](#nmo13426-bib-0025){ref-type="ref"} Intracellular recordings from single muscle cells showed spontaneous miniature inhibitory junction potentials (mIJPs) superimposed on the resting membrane potential (RMP) (Figure [6](#nmo13426-fig-0006){ref-type="fig"}Ai). These mIJPs were completely blocked following the addition of MRS2500 (Figure [6](#nmo13426-fig-0006){ref-type="fig"}Aii). The amplitude and frequency of these spontaneous mIJPs was not altered with increasing age (data not shown).

![Effects of age on spontaneous and evoked IJPs in muscle fibers from the anorectum. (Ai) Typical trace of an intracellular recording from a 12 month muscle cell showing spontaneous miniature IJPs. (Aii) Spontaneous miniature IJPs are blocked by MRS 2500. Dotted line represents the resting membrane potential of the muscle cell. (Bi) Typical traces from a 12 month muscle cell showing IJPs evoked by a single current pulse under control conditions and in the presence of MRS 2500 and MRS 2500 + LNNA. (Bii) Increasing age caused a depolarization of the smooth muscle cell resting membrane potential. (Biii) Increasing age increased the amplitude of current‐evoked IJPs. (Ci) Trains of current pulses (2.5 Hz) evoked a sustained hyperpolarization of the smooth muscle under control conditions and in the presence of MRS 2500 and MRS2500 + L‐NNA. *N.B. Stimulus artefacts have been artificially reduced to show the slow electrical response more clearly. Fast upward vertical deflections are the remaining stimulus artefacts*. Age did not affect the amplitude of the peak (Cii) or sustained (Ciii) hyperpolarization. \*\**P *\< 0.01. Data represent mean ± SEM. N number represented by number of symbols on figures](NMO-30-na-g006){#nmo13426-fig-0006}

Individual current pulses gave rise to well‐defined IJPs that caused a rapid hyperpolarization of the RMP followed by a slower decay phase (Figure [6](#nmo13426-fig-0006){ref-type="fig"}Bi; left‐hand panel). Following the end of the stimulus the membrane potential transiently overshot the RMP depolarizing the muscle cell before returning to baseline. The RMP of the muscle cells was more depolarized with age (Figure [6](#nmo13426-fig-0006){ref-type="fig"}Bii) and there was a consequential increase in the amplitude of the evoked IJP (Figure [6](#nmo13426-fig-0006){ref-type="fig"}Biii). Addition of MRS 2500 blocked the majority of the IJP in both age groups (73.5% and 83.3% in 12 and 24 months respectively; *P* \> 0.05). There was no significant age‐related change in the amplitude of the MRS 2500 or L‐NNA‐sensitive IJPs. Addition of both MRS 2500 and L‐NNA failed to significantly alter the RMP of the smooth muscle cells. Higher frequency stimuli (2.5 Hz) evoked longer lasting hyperpolarizations of the membrane potential, that consisted of a transient rapid decrease in the membrane potential followed by a sustained hyperpolarization that lasted for the duration of the stimulus (Figure [6](#nmo13426-fig-0006){ref-type="fig"} Ci). Following the termination of the burst of stimuli, the cell showed a transient depolarization before returning to the RMP. Application of MRS2500 removed the fast transient component of the response leaving a slowly developing sustained hyperpolarization that was sensitive to L‐NNA (second and third panel Figure [6](#nmo13426-fig-0006){ref-type="fig"} Ci). There were no significant age‐related changes in the amplitude of the transient or sustained components of the response (Figure [6](#nmo13426-fig-0006){ref-type="fig"}Cii/iii).

3.8. Effects of age on cholinergic signaling in the murine anorectum {#nmo13426-sec-0026}
--------------------------------------------------------------------

EFS‐evoked responses recorded in Krebs buffer solution, yielded an initial contractile response between 0.1 and 0.5 Hz which gave way to a net relaxation at higher frequencies of stimulation (Figure [7](#nmo13426-fig-0007){ref-type="fig"}Ai; upper panel). In the presence of guanethidine, L‐NNA and MRS 2500, EFS unmasked a frequency‐dependent cholinergic contractile response (Figure [7](#nmo13426-fig-0007){ref-type="fig"}Ai; lower panel Figure [7](#nmo13426-fig-0007){ref-type="fig"}Aii). This response increased with increasing frequency (*P* \< 0.001) and was almost completely blocked by scopolamine in both age groups tested (*P* \< 0.05 both age groups; Figure [7](#nmo13426-fig-0007){ref-type="fig"}Aii). No differences were seen between the 3 and 24 month control data (*P* \> 0.05). Addition of physostigmine caused a marked increase in the contractile response in the young muscle strips (*P *\< 0.0001) and a smaller significant effect on the 24 month tissue (*P* \< 0.05; Figure [7](#nmo13426-fig-0007){ref-type="fig"}Aiii). The current flow due to the oxidation of ACh was increased in the old preparations (Figure [7](#nmo13426-fig-0007){ref-type="fig"}B). This ACh oxidation current was significantly increased in the young following the application of physostigmine, but not in the old tissue (Figure [7](#nmo13426-fig-0007){ref-type="fig"}B). The ACh oxidation current was significantly lower in young physostigmine treated muscle strips compared to old controls (Figure [7](#nmo13426-fig-0007){ref-type="fig"}B). Concentration response curves generated following the application of exogenous ACh did not significantly change with age (Figure [7](#nmo13426-fig-0007){ref-type="fig"}C).

![Effects of age on cholinergic signaling in the mouse anorectum. (Ai) Typical trace from a 3 month anorectum showing EFS‐evoked responses recorded in Krebs buffer solution (upper trace) and in Krebs buffer solution containing L‐NNA, guanethidine, and MRS 2500 (lower trace). (Aii) Frequency response curves for 3 and 24 month muscle strips recorded in the presence of guanethidine, L‐NNA and MRS 2500, under control conditions and in the presence of scopolamine. (Aiii) Frequency response curves for 3 and 24 month muscle strips recorded in the presence of guanethidine, L‐NNA and MRS 2500, under control conditions and in the presence physostigmine (B) Veratridine‐evoked ACh oxidation currents recorded under control conditions and in the presence of physostigmine. (C) Exogenous ACh caused dose‐dependent increases in anorectum contractions that were not affected by age. \**P* \< 0.05; \*\*\**P* \< 0.001. Values in B are mean ± SD, n = 3 for each group; values in (Aii/Aiii) and (C) represent mean ± SEM; for parts (Aii/Aiii) and (C) n = 6 per group](NMO-30-na-g007){#nmo13426-fig-0007}

4. DISCUSSION {#nmo13426-sec-0027}
=============

This study investigated the effects of increasing age on the basal tone and cholinergic, purinergic and nitrergic signaling in the mouse anorectum. Our data show conclusively that there is no significant change in basal IAS tone with increasing age. In addition, we demonstrate that both EFS and nicotine‐evoked nitrergic relaxation is reduced with old age and that this impairment appears, at least in part, to be due to a decrease in NO overflow. Cholinergic contractions were maintained with increasing age, due to both an increase in ACh release and a decrease in cholinesterase activity. Age‐related changes in purinergic signaling were more variable and purinergic responses caused weaker relaxations those evoked by NO. However, the effects of age on purinergic signaling were qualitatively similar to the nitrergic responses. Exogenous application of ACh, SNP, ATP, and KCl showed no significant age‐related changes in postsynaptic signaling and muscle responses. The implications of these findings are discussed.

4.1. Characterization of age‐related changes in spontaneous anorectum activity {#nmo13426-sec-0028}
------------------------------------------------------------------------------

Muscle strips from all age groups generated spontaneous phasic activity superimposed on an increase in basal tone. Although basal tone decreased with age this change was not significant, strongly suggesting that resting tension in the muscle was not affected by 24 months in the mouse. Previous work has shown that the activity of the most distal 1 mm (termed "IAS") of the anorectum is markedly different from tissue taken 1‐2 mm (termed "distal rectum") from the anal verge, both in terms of the generation of spontaneous tone and phasic activity.[1](#nmo13426-bib-0001){ref-type="ref"} Further analysis of our data (data not shown) demonstrated that our muscle strips, obtained from all age groups, showed certain similarities with the IAS described by Hall et al. (high basal tone and short periods of quiescence between bouts of spontaneous phasic activity), but also had features of the distal rectum (relatively low frequency of phasic contractions, and low total spontaneous activity when expressed as a % of the maximal KCl‐evoked contraction). Aside from the frequency and amplitude of the phasic contractions which decreased significantly with age, there were no other significant age‐related changes in spontaneous activity of the anorectum.

4.2. Changes in murine anorectum nitrergic signaling across the lifecourse {#nmo13426-sec-0029}
--------------------------------------------------------------------------

EFS and nicotine‐evoked nitrergic relaxations were slow in onset but were sustained throughout the period of stimulation consistent with observations from previous studies in young animals.[5](#nmo13426-bib-0005){ref-type="ref"}, [9](#nmo13426-bib-0009){ref-type="ref"}, [15](#nmo13426-bib-0015){ref-type="ref"} Importantly, although the amplitude of the relaxations was altered with age the responses kept the characteristic waveform observed in the young. The integral of the relaxations increased between 3‐12 months and then declined at both 18 and 24 months of age. To our knowledge this is the first description of how nitrergic signaling is altered across the life course in any GI tract smooth muscle. Previous studies have shown a decrease in nNOS immunoreactive fibers innervating anorectum circular smooth muscle in both the 18 and 24‐month age groups[19](#nmo13426-bib-0019){ref-type="ref"} and this observation could explain the reduced nitrergic relaxation observed in the older age groups and also the decrease in NO overflow. This reduction in nNOS immunoreactive fibers could represent neurodegeneration in this fiber group consistent with previous observations in the mouse colon[26](#nmo13426-bib-0026){ref-type="ref"} or alternatively could be due to decreases in nNOS expression in these neurons. Results from this study showed a decrease in nicotine‐evoked NO overflow with increasing age. NO overflow decreased from approximately 550 nmol L^−1^ in 3 month tissue to 300 and 200 nmol L^−1^ in 18 and 24 month tissue, respectively. Given that maximal SNP‐evoked relaxations were observed at concentrations around 300‐1000 nmol L^−1^, reductions in NO overflow seen in the 18 and 24‐month age groups could at least partly explain the reduced nitrergic relaxation seen in these age groups. While it is possible that the reduction in nitrergic innervation of the anorectum may explain the age‐related decrease in NO overflow, previous studies looking at the development of nitrergic signals in the guinea pig have shown that decreases in NO detected at the sensor could be due to growth of the tissue with age and a reduction in the density of the nitrergic fibers rather than a reduction in their number.[27](#nmo13426-bib-0027){ref-type="ref"} However, Wang et al. observed no significant change in the width of the anorectum with increasing age,[19](#nmo13426-bib-0019){ref-type="ref"} and the lack of a significant change in anorectum weight with increasing age makes this possibility unlikely.

Although the decrease in NO overflow could potentially explain some of the decrease in nitrergic relaxation seen in the 18 and 24 month age groups it cannot easily explain the increased relaxation observed between 3 and 12 month anorectum. In addition, our observation that there was no significant difference between SNP evoked relaxations in the 3 and 12 month anorectum, nor in the amplitude of nitrergic IJPs or KCl‐evoked contractions, is strongly suggestive that the change in the amplitude of nitrergic relaxations observed between these two groups is not due alterations in postsynaptic signaling. That a qualitatively similar changes in nitrergic‐evoked relaxations was observed using both EFS and nicotine, suggests that the changes that are occurring are independent of the method of stimulation and may reflect age‐related alterations in the electrical excitability of the enteric nerves innervating the anorectum. This is a common phenomenon observed with age in central neurons[28](#nmo13426-bib-0028){ref-type="ref"} and in intrinsic primary afferent neurons (Kunze pers. comm.). Although qualitatively similar, 5 Hz EFS seemed more effective at evoking nitrergic relaxations than applications of both 10 μmol L^−1^ and 30 μmol L^−1^ nicotine (latter data not shown). This might suggest an age‐related change in the nicotinic receptor phenotype as has been described previously in the CNS[29](#nmo13426-bib-0029){ref-type="ref"}, [30](#nmo13426-bib-0030){ref-type="ref"} although age‐related comparisons of the nicotine dose‐response curves showed no significant differences with age, suggesting that this was unlikely. However, we cannot discount the possibility of age‐related changes in nAChR expression on nitrergic neurons in the anorectum.

4.3. Changes in purinergic signaling across the lifecourse {#nmo13426-sec-0030}
----------------------------------------------------------

In comparison to nitrergic signaling, EFS and nicotine evoked fast but transient purinergic relaxations, consistent with those previously described in mice.[7](#nmo13426-bib-0007){ref-type="ref"} Relaxations were observed in the anorectum from all age‐groups treated with L‐NNA but these responses were small and further addition of MRS2500 to isolate the purinergic component yielded inconsistent results between the two modes of stimulation. Nicotine appeared more efficacious at stimulating purinergic relaxations while EFS was most effective at driving nitrergic relaxations. This difference could be explained by the two different transmitters being present in different populations of nerve terminals as has previously been demonstrated for nNOS and VIP.[12](#nmo13426-bib-0012){ref-type="ref"}, [13](#nmo13426-bib-0013){ref-type="ref"} Burnstock originally described the possibility of co‐transmission of multiple transmitters from a single neuron.[31](#nmo13426-bib-0031){ref-type="ref"} More recently, supporting evidence for the co‐localization of nNOS and ATP has come from studies in the human colon,[32](#nmo13426-bib-0032){ref-type="ref"} however, a recent immunohistochemical study in mice and guinea pigs has shown that there are potentially two distinct classes of inhibitory motor neurons, one purinergic and one nitrergic.[14](#nmo13426-bib-0014){ref-type="ref"} Alternatively, nicotine and EFS may be stimulating the inhibitory motor neurons to fire at different frequencies. The release of purines from the colon has previously been shown to be favoured by low firing frequencies and inhibited by high frequency firing,[32](#nmo13426-bib-0032){ref-type="ref"}, [33](#nmo13426-bib-0033){ref-type="ref"} suggesting that nicotine might favor neuron firing frequencies of less than the 5 Hz EFS. The lack of change in the amplitude of the purinergic IJP between 12 and 24‐month‐old animals, strongly suggested that, like nitrergic signaling, the age‐related changes in purinergic relaxation represented prejunctional changes.

4.4. Age‐related changes in cholinergic signaling {#nmo13426-sec-0031}
-------------------------------------------------

Cholinergic signaling, determined by EFS, was maintained between 3 and 24 months. ACh is broken down in the synapse by the actions of cholinesterase. In the presence of physostigmine, a cholinesterase inhibitor, both EFS‐evoked contractions and veratridine‐evoked ACh oxidation signals would be expected to increase as more ACh would reach the target muscle/sensor. This was the case in the young anorectum but the ACh oxidation signal was not significantly altered in the old and the increase in the EFS‐evoked contractions in the presence of physostigmine was greatly attenuated in old anorectum compared to young tissue, strongly suggesting that either the activity or the amount of enzyme present in the synapse was reduced in the old anorectum. We suggest that this decrease would help to maintain excitatory cholinergic transmission and smooth muscle contractility. These changes are different to those observed in the small bowel of the rat, where an age‐related decrease in cholinergic transmission was observed and linked to a potential increase in cholinergic activity. Previous work on aged GI tract has shown an increase in reactive oxygen species in animal models with increasing age,[34](#nmo13426-bib-0034){ref-type="ref"}, [35](#nmo13426-bib-0035){ref-type="ref"}, [36](#nmo13426-bib-0036){ref-type="ref"}, [37](#nmo13426-bib-0037){ref-type="ref"}, [38](#nmo13426-bib-0038){ref-type="ref"}, [39](#nmo13426-bib-0039){ref-type="ref"} although similar changes in the humans have not been so clearly documented.[40](#nmo13426-bib-0040){ref-type="ref"} Oxidative stress has also been demonstrated to reduce cholinesterase activity in a range of tissues providing a potential mechanism for changes observed in this study.[41](#nmo13426-bib-0041){ref-type="ref"}, [42](#nmo13426-bib-0042){ref-type="ref"}, [43](#nmo13426-bib-0043){ref-type="ref"}

About 1 μmol L^−1^ physostigmine has been shown to completely block cholinesterase activity in other GI tract smooth muscles. Therefore in the presence of physostigmine the ACh oxidation current is most likely reflective of the amount of ACh released by the tissue. Our observation that the ACh oxidation current is still significantly lower in the young physostigmine treated anorectum compared to the old untreated anorectum, is strongly suggestive that ACh release is also up‐regulated with increasing age providing a second mechanism that contributes to the maintenance of cholinergic signaling with age. While the causes of this proposed increase are not known it is possible that the increased release is a function of an increase in cholinergic nerve terminals, the numbers of cholinergic vesicles, an alteration in choline acetyltransferase activity or an age related increase in intracellular Ca^2+^ which has previously been shown to be elevated with increased age. Postsynaptic signaling pathways, determined by the exogenous application of ACh and KCl‐evoked were unaltered with increasing age.

4.5. Proposed impact of age‐related changes in anorectum signaling {#nmo13426-sec-0032}
------------------------------------------------------------------

The murine anorectum is maintained in a contracted state predominantly by myogenic activity but also through the activity of excitatory cholinergic motor neurons that innervate the circular smooth muscle. Our initial observations on basal myogenic activity show a decrease in basal anorectum tone, however, this change did not reach significance. Previous studies have shown that myogenic activity in the murine anorectum is due to the properties of voltage gated Ca^2+^ channels in the muscle membrane. At the resting membrane potential of the anorectum muscle cells, these currents are active providing an influx of Ca^2+^ which drives the anorectum to contract.[11](#nmo13426-bib-0011){ref-type="ref"} The lack of change in basal tone with increasing age is strongly suggestive that the properties of these channels have not significantly changed with age. Work by Singh et al.[44](#nmo13426-bib-0044){ref-type="ref"} has shown that basal tone in the rat IAS can be increased by low levels of oxidative stress and dramatically reduced as levels of oxidative stress increase above a threshold level.[44](#nmo13426-bib-0044){ref-type="ref"} It is therefore possible that the increase in oxidative stress that has been seen in other smooth muscle systems with increasing age may potentially help maintain tone in the murine anorectum.[45](#nmo13426-bib-0045){ref-type="ref"} Had we left our animals to age past 24 months and had oxidative stress increased further, then we may have observed detrimental effects on anorectum tone which could contribute to fecal incontinence.

Consistent with our observations of a lack of change in anorectum basal tone was our observation that excitatory motor neuron signaling was shown not to change in this study. This lack of a change was explained by an age‐related decrease in the activity/expression of cholinesterase and an increase in ACh release.

For appropriate defecation to take place, the anorectum has to be relaxed through the activation of inhibitory motor neurons that innervate the circular smooth muscle. Nitrergic relaxation increased between 3‐12 months of age and then decreased in 18 and 24 month groups. Most of this decrease in the older age‐groups is caused by a decrease in nitrergic signaling due to a combination of a reduction in the density of nitrergic fibers and NO release. These data strongly suggest that the process of defecation is likely to be impaired in older animals, due to the impaired relaxation of the anorectum. We have previously described that murine aging is associated with fecal impaction and a constipation phenotype with animals producing smaller and harder pellets and a reduction in total fecal output.[31](#nmo13426-bib-0031){ref-type="ref"} Similarly, fecal impaction and a reduction in fecal output have been observed in a model of slow transit constipation, in which a purse string suture was used to restrict fecal output.[46](#nmo13426-bib-0046){ref-type="ref"} The authors showed that these changes were due to an increase in the inflammatory mediator COX‐2 and could be reversed using a COX‐2 antagonist. We too have recently shown that aging is associated with an increase in the pro‐inflammatory mediator TNF‐α and that treatment with a TNF‐α antagonist, etanercept was able to reverse the age‐related changes in pellet output and water content.[47](#nmo13426-bib-0047){ref-type="ref"}

In humans, relaxation of the IAS is also driven predominantly by nitrergic signaling. Should similar changes occur in the human IAS then these changes are also likely to impair IAS relaxation in humans and may contribute to age‐related fecal impaction. Contraction in the human IAS is in part regulated by noradrenergic signaling, and while there are reports of reductions in noradrenaline in aged rat GI tissue the functional consequences of these changes are unclear as resting pressures are not altered in aged humans.

In summary, we have shown that the natural aging process reduces evoked relaxation in the murine anorectum in the absence of changes in basal tone or excitatory motor neuron signaling. This change is predominantly due to a decrease in nitrergic signaling and may well contribute to an impairment of fecal output with increasing age and contribute to the fecal impaction and constipation phenotype previously described in this model.[25](#nmo13426-bib-0025){ref-type="ref"}
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